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Magnetic impurities bridging nanocontacts and break junctions of nearly magnetic metals may 
lead to permanent moments, analogous to the giant moments well known in the bulk case. A numer- 
ical renormalization group (NRG) study shows that, contrary to mean field based expectations, a 
permanent moment never arises within an Anderson model, which invariably leads to strong Kondo 
screening. By including in the model an additional ferromagnetic exchange coupling between leads 
and impurity, the NRG may instead stabilize a permanent moment through a ferromagnetic Kondo 
effect. The resulting state is a rotationally invariant spin, which differs profoundly from mean field. 
A sign inversion of the zero-bias anomaly and other spectroscopic signatures of the switch from 
regular to ferromagnetic Kondo are outlined. 
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PACS numbers: 73.63.Rt, 72.15.Qm, 75.20.Hr 

Zero-bias anomalies that emerge ubiquitously in tun- 
neling spectroscopy across quantum dots [l[ and single- 
molecules are known to be a manifestation - in a con- 
text far away from traditional magnetic alloys - of the 
Kondo effect [!, Q - the phenomenon that leads magnetic 
impurities to lose their magnetic moments when diluted 
in a nonmagnetic metal. Actually, Kondo screening is 
not an inevitable fate for magnetic impurities in metals. 
Well known counter-examples are the giant permanent 
magnetic moments that arise when 3d transition metal 
impurities are diluted in a nearly ferromagnetic metal 
such as Pd [f| . We consider here the novel possibility that 
permanent moments may encounter a revival in magnetic 
contacts and nanoelectronics. A magnetic impurity could 
act as the bridging atom in a Pd or Pt break junction Q, 
or close-by STM atomic contact Q. Alternatively, the 
short monatomic chains that forms spontaneously in pure 
Pt or Ir break junctions could spontaneously and locally 
magnetize, as suggested by calculations [1,0], giving rise 
to rather similar physics to that of a magnetic alloy, even 
though here the host metal (the leads) and the impu- 
rity (the nanocontact) are the same material. In either 
case, the permanent moment will avert Kondo screen- 
ing by the leads, and the standard zero bias anomaly 
picture does not apply. On the other hand, one cannot 
expect like in a ferromagnet two different conductances 
for spin up and for spin down, because in zero field there 
is no up and no down, and conductance must be inde- 
pendent of the lead electron spin. Sophisticated many- 
body techniques have been specifically designed during 
the years to study the regular Kondo effect [10( . On the 
contrary, the reverse phenomenon of permanent moment 
formation has generally been dismissed after a simple 
treatments such as Hartrce Fock (HF) or density func- 
tional theory (DFT), whose mean field nature is bound, 



as we will show, to miss important many-body effects. 
Actually, for the giant moments generated by magnetic 
impurities in alloys, the crude static mean field descrip- 
tion is in the end justified by finite concentration, giving 
rise to RKKY-mediated long range ferromagnetic order 
at low temperature No such justification is possi- 
ble for nanocontacts, where quantum fluctuations and 
many-body effects must play an essential role, since local 
magnetism cannot induce bulk magnetism in the leads. 

In this Letter we examine a magnetic impurity in a 
nearly ferromagnetic nanocontact (and re-examine that 
in a bulk host metal too) through an effective Anderson 
impurity model with parameter values that would sug- 
gest ferro coupling and permanent moment formation in 
mean field. We find that inclusion of many-body effects, 
accomplished by means of the numerical renormalization 
group (NRG) ll|, alters drastically the mean-field re- 
sult, and invariably leads to regular Kondo screening, so 
that no permanent local moment can survive. As NRG 
shows, only through addition to the bare Anderson model 
of a direct intersite ferromagnetic exchange coupling be- 
tween the magnetic impurity and the leads a permanent 
impurity spin can be stabilized. In this case the regu- 
lar (antiferromagnetic) Kondo effect and the associated 
screening with formation of a spin singlet is turned over 
to a ferromagnetic Kondo effect, with antecreening and 
formation of a fully rotationally invariant, integer or half 
integer spin S. This role of direct impurity-lead ferro- 
magnetic exchange, consistent with the impurity spin dy- 
namics measured by perturbed 7-ray distribution in bulk 
alloys [H, [l]| , could be crucial at nanocontacts in nearly 
ferromagnetic metals, where spectroscopic signatures of 
the ferromagnetic Kondo effect may be observable in I-V 
conductance anomalies. 

Realistic density-functional theory local spin-density 
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(LSD A) calculations [lj] have long shown that, while ear- 
lier transition metal elements impurities like Cr tend to 
counter-polarize a bulk host metal like Pd, later elements, 
like Fe and Co, do the reverse, and co-polarize Pd, in ac- 
cord with the absence/presence of permanent moments 
experimentally observed in these alloys [B|. The physi- 
cal properties that seem to play the essential role in the 
calculations are: (i) a strong host-impurity d-d hybridiza- 
tion overwhelming s-d; (ii) a Pd chemical potential poised 
at a single-particle density-of-states (DOS) peak close to 
the upper <i-band edge; (iii) a 3d-impurity energy level 
shifting downwards closer to the host chemical poten- 
tial by increasing the atomic number from Cr towards 
Ni. The early finding that a simple Anderson impurity 
model embodying these three ingredients reproduces cor- 
rectly at the mean-field level the same behavior obtained 
in more detailed LSDA calculations 14, 15, Ii| suggested 
that no other ingredient was needed to account for per- 
manent (giant) moments of late impurities in Pd - and 
this might hold in a nanocontact as well. In order to 
check whether this conclusion is stable against quantum 
fluctuations we therefore start with the standard Ander- 
son impurity model 
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where ft is the volume, d\ is the creation operator of 
an impurity electron with spin a and c£ of a conduc- 
tion electron with the same spin and energy ek. Here 
rid = J2a d-t^cr i s the occupation number and ed the 
energy of the impurity level. describes a single d 
orbital hybridized with a single conduction band, a de- 
liberately oversimplified situation that nevertheless usu- 
ally captures the essential physics. We consider two 
extreme cases: (A) a flat conduction electron DOS 
Pa(c) = 1/2 0(1 — e 2 ) (all energies are in units of half 
the conduction bandwidth); (B) a substitutional im- 
purity in a one-dimensional chain. In the latter case, 
it is important to note that, while the bulk DOS is 
PB(e) 
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the DOS of the hy- 



bridizing channel is instead 2>/l — e 2 /7r. The chemical 
potential is taken to be p, = 0.95, close to the top of the 
band, which, in case (B), corresponds to a large DOS 
mimicking the situation of bulk Pd [3] . 

Fig. [1] shows the HF mean field phase diagram as a 
function of U and ^e^, the actual impurity level relative 
to the chemical potential, at constant Vk = 0.4, compati- 
ble with a situation of large d-d hybridization. We indeed 
find, confirming earlier results [l4, Tj^, lij], that besides 
wide antiferromagnetically impurity-host coupled regions 
there are (++) regions close to Sed = where the impu- 
rity is magnetic and ferromagnetically co-polarized with 
the conduction bath, again in agreement with LSDA re- 
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FIG. 1: Mean field phase diagram of the model {TJ for 
/i = 0.95 and Vk = 0.4. Open and solid symbols refer to 
case (A) and (B), respectively. The circles separate the low U 
region, where the impurity is non-magnetic at the mean field 
level, from the high U one, where a magnetic mean field solu- 
tion is stabilized. ++ denotes the region where the impurity 
is magnetic and co-polarized with the bath, while +— that 
where is counter-polarized. These two regions are separated 
by the triangles. 



suits We note in particular that a high DOS at the 
chemical potential, case (B), does favor the tendency to- 
wards magnetism, in accord with the Stoner criterion for 
impurity magnetism (l7j (note also the larger region of 
co-polarization) . The other element which plays a crucial 
role towards permanent moment formation is the position 
of the chemical potential close to the top of the band. 
When p is shifted towards the center of the band, the re- 
gion of co-polarization shrinks and eventually disappears. 

To study the effect on the permanent moment of quan- 
tum fluctuations, we choose a value of U = 1.5 and 
5fd = 0.1 well inside the Hartree-Fock ferromagnetically 
co-polarizcd (++) region, and we study the model by 
NRG. Surprisingly, we find that NRG reverses the HF 
result, the co-polarization disappears and at the fixed 
point the impurity is fully Kondo screened in both cases 
(A) and (B). Fig.[5]shows the flow of the many-body low- 
energy spectrum for case (B) only (the other case is sim- 
ilar) versus NRG iteration N. N corresponds to a finite 
temperature of order hr N /' 2 in units of half the conduc- 
tion bandwidth, where A is the logarithmic discretization 
parameter ll| that we take equal to three. The asymp- 
totic spectrum is indeed that of a Kondo screened impu- 
rity below a crossover temperature that can be identified 
with the Kondo temperature Tk- This behavior persists 
on increasing U, even though Tk rapidly diminishes. For 
U > 3, Tk is found to recover the conventional expres- 
sion Tk ~ exp (— 7r 2 Z7po/8) [13], where po is the impurity 
density of states per spin at the chemical potential and 
in the absence of interaction. For realistic parameters, 
extracted e.g. by LSDA calculations 1J, [l8[, the pre- 
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FIG. 2: (Color online) NRG flow of the low-energy spectrum 
for Eq. (TTJ), case (B), with U = 1.5, 5e d = 0.1 and odd it- 
erations N, i.e. a Wilson chain with even numebr of sites. 
Each energy level is identified by the charge Q with respect 
to half-filling and the spin S. Note the three lowest energy 
states at large N that correspond to the degenerate ground 
state of a chain with odd number of sites, the impurity site 
being absorbed by the Kondo effect, split by the deviation 
from particle-hole symmetry. 



vious expression would imply a substantial Tk of a few 
hundred K. Besides contradicting HF, this large result 
also excludes the other possible explanation for the giant 
moments in bulk Pd, namely that, because of specific fea- 
tures of Pd, the actual coupling is Kondo-likc, but with 
Tk so small that, at practical dilutions, the RKKY in- 
teraction among the impurities always prevails and leads 
to the ferromagnetism observed in the magnetic alloys. 

It must be concluded that the Anderson model |T|) is 
actually insufficient to explain the existence of perma- 
nent moments in Pd. Now it is known, in the wide zoo 
of Kondo models, that the only case where a magnetic 
impurity retains its moment is that of a ferromagnetic 
Kondo model [To| . A way to stabilize a permanent mo- 
ment and to overwhelm the effective antiferromagnetic 
electron-impurity coupling just found by NRG is to add 
an explicit ferromagnetic coupling between the impurity 
and the conduction electrons. Experimental evidence of 
the important role of such a direct ferromagnetic ex- 

13, El- Physically, 



change has repeatedly been claimed 
the electron-impurity ferromagnetic exchange must be 
substantial since the host metal is nearly ferromagnetic 
and the impurity wavcfunction, much like that of a host- 
metal atom, extends well over neighboring sites. There- 
fore, we modify the model |T]) by including a ferromag- 
netic exchange, of strength J, between the impurity and 
the first hybridization shell, namely 
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FIG. 3: (Color online) Impurity DOS for U = 4 and different 
values of the ferromagnetic exchange J across the transition, 
J = 0, 0.025, 0.07, 0.1, 0.2, 0.3 from top to bottom. The large 
U is used to well separate the low-energy part, shown in the 
main panel, from the high-energy Hubbard bands, shown in 
the inset for J = 0.025 and 0.3. 



where is the impurity spin-operator and 
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with er the Pauli matrices. Upon repeating the NRG 
calculation for ([2]) we find that increasing J causes a 
Berezinskii-Kosterlitz-Thouless phase transition at J = 
J* from a Kondo screened phase to an antiscreened ferro- 
magnetic Kondo phase. In the ferromagnetic Kondo state 
the conduction electrons can be seen as scattering off the 
magnetic impurity and dressing it up with a spin-cloud 
whose net result is to restore a fully rotationally-invariant 
state of well defined total spin 5* and zero-point entropy 
Kb^(2S + 1). The two phases, Kondo screened and 
antiscreened, also possess different and opposite spectro- 
scopic features, as shown by the impurity DOS, p(e) of 
Fig. [3l On the screened side, J < J*, a Kondo reso- 
nance at the chemical potential is clearly visible within 
the Mott-Hubbard gap. On the opposite, antiscreened 
side, J > J*, the impurity DOS develops a cusp-like 
pseudogap at the chemical potential, p(e) ~ l/ln 2 e 
Unlike the HF approximation, the transition to a perma- 
nent moment regime is not accompanied by the full dis- 
appearance of spectral weight within the Mott-Hubbard 
gap; the pseudogap opens continuously inside a broader 
low-energy feature and is controlled by the scale J — Jk, 
where Jk is the effective antiferromagnetic coupling me- 
diated by the hybridization, rather than by U. From this 
point of view, the antiferro-ferro Kondo transition just 
described resembles the orbital selective Mott transition 
recently proposed [2(| to explain the paramagnetic-to- 
antifcrromagnctic transition in heavy fermions. 
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This scenario should describe the spontaneous moment 
of a magnetic impurity embedded in nearly ferromag- 
netic metal, and equally well the magnetism of a bridg- 
ing impurity in a nanocontact between nearly ferromag- 
netic leads. We note that, while the screened phases is 
Fermi-liquid like in the strict Nozieres' sense [2l[, the 
antiscreened phase is more properly a singular Fermi- 
liquid 22fl . At zero temperature and assuming inver- 
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sion symmetry across the contact, giving rise to well 
defined even and odd channels, the zero-bias conduc- 
tance must recover the Fermi-liquid expression G = 
2e 2 /h sin 2 5 a , were S a is the spin-independent differ- 
ence between the scattering phase shifts of the even- and 
odd-parity scattering channel a at the chemical poten- 
tial. Since the Kondo screened-antiscreened transition is 
accompanied by a jump 7r/2 of S a in the channels hy- 
bridizing with the magnetic orbitals, we should expect a 
sudden jump of the zero-bias conductance at the tran- 
sition, upward or downward depending on the specific 
symmetry of the impurity and lead orbitals that are in- 
volved. We also note that, while in the screened regime a 
magnetic field will, as usual, split the Kondo resonance, 
in the antiscreened phase the magnetic field will instead 
fill the pseudogap. Thus, the contact magnetoconduc- 
tance should behave in an opposite way on the two sides 
of the transition. In addition, in the antiscreened phase 
a non-analytic dependence on the magnetic field and on 
temperatue should appear Til. 22|. 

Experimental observations of a ferromagnetic Kondo 
effect at nanocontacts - even if probably already present 
- are not obvious to pinpoint in existing data. Transi- 
tion metal impurities such as Fe or Co, bare or embed- 
ded in molecules such as porphyrins or phtalocyanines, 
contacted by a nearly ferromagnetic metal such as Pd, 
could represent a starting point. Bare Pd break junc- 
tions could develop a local moment at the contact 
which might lead to a ferro Kondo zero-bias anomaly. 
Interestingly, Kondo-likcd anomalies are apparently be- 
ing found in pure Fe, Co and Ni break junctions [2^. 
Their relatively small width supports their Kondo origin. 
However, in view of the many orbital channels that are 
involved, these anomalies could equally well indicate reg- 
ular antiferro Kondo or, as previously discussed, a ferro 
Kondo. Pt or Ir break junctions would also be very in- 
teresting systems to look for zero-bias anomalies, owing 
to the local moment which is expected to form in the 
chain-like nanocontact 24j. Even though the suscepti- 



bility of Pt and Ir is not as Stoner-cnhanced as that of 
Pd, it is plausible that there should be enough intersite 
ferromagnetic exchange in these metals to lead to a fer- 
romagnetic coupling of the leads to the bridging chain. 
It should be noted however that strong spin-orbit cou- 
pling should also give risehere to a colossal or giant 
magnetic anisotropy [26 



27J , an interesting complication 
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